The complement system provides host defense against pathogens and environmental stress. C3, the central component of complement, is present in the blood and increases in BAL fluid after injury. We recently discovered that C3 is taken up by certain cell types and cleaved intracellularly to C3a and C3b. C3a is required for CD4
The complement system has evolved as a first line of innate immunity against pathogens (1, 2) . C3, its central component, is the most abundant complement protein in the blood and is protective against bacterial infections, especially Streptococcus pneumoniae and Pseudomonas aeruginosa (3, 4) . C3 is a 190-kD heterodimer that is made up of an a-chain and a b-chain, which are linked by a disulfide bond ( Figure 1 ). Upon activation of the complement cascade by the classical, alternative, or lectin pathway, C3 is cleaved to C3a (a proinflammatory mediator with chemotactic and vasodilatory activities) and C3b (an opsonin). The liver is the predominant source of circulating C3 (5, 6) . However, C3 can also be synthesized by immune and nonimmune cells such as lymphocytes, neutrophils, and epithelial, endothelial, and mesenchymal cells (7) (8) (9) (10) . Among these cells, neutrophils and monocytes are the primary human cells known to contain biosynthetically derived C3 stores, as detected by radiolabeling (11, 12) .
Other investigators and we have previously shown that in addition to being a source of opsonins and anaphylatoxins at the site of inflammation, intracellular C3 activation affects human CD4
1 T-cell differentiation and metabolism (13, 14) . Activation of CD4
1 T cells by engaging CD3 and CD46 increases intracellular C3 and skews naive CD4
1 T cells toward a T-helper cell type 1 phenotype. Moreover, the constitutive generation of C3a by intracellular proteases (such as cathepsin-L) was shown to be crucial for CD4
1 T-cell survival through the mTOR pathway (13) . We subsequently showed that CD4 1 T cells also internalize C3, which modulates cytokine expression, increasing IL-6 production (15) . Furthermore, intracellular C3 activation aggravated tissue damage in a murine model of gut ischemia-reperfusion injury (16, 17) . However, intracellular C3 was protective against cytokine-induced death in rodent and human pancreatic b-cells (18, 19) . These findings indicate that intracellular C3 functions beyond its role as a guardian of the intravascular space against pathogen invasion by providing previously unrecognized tissue-specific protection against distinct stimuli such as injury and infection (20) (21) (22) .
Complement may also have a broader function in the lung, where direct communication with the environment requires rapid responses to airspace insults. Complement proteins are present in BAL fluid from humans and increase after LPS administration (23, 24) . Airway epithelial cells (AECs) are known to secrete complement proteins (including C3), but whether AECs store C3, and how modulating these stores affects their phenotype, has not been systematically studied (10, 25, 26) . We proposed that AECs have high levels of intracellular C3 that may be mobilized as a stress response (10) . However, it is unknown how intracellular C3 stores in AECs are modulated and whether altering these stores is deleterious (such as in the gut) or protective (such as in pancreatic b-cells). Here, we show that human AECs synthesize and secrete large amounts of C3, but are unique in their ability to contain such substantial stores, because, until now, most of the C3 that is synthesized by cells . C3 is a two-chain protein consisting of an a-chain and a b-chain linked by a disulfide bond. The thioester bond on the a-chain allows C3 to covalently attach to a target. Upon activation via a protease or a specific C3 convertase, C3a is released (the arrow shows the cleavage site) and C3b attaches to a nearby target via an ester or amide bond. Constitutively, there is a low-grade spontaneous tickover in the blood where the hydroxyl group (2OH) from H 2 O reacts with the thioester, forming C3(H 2 O). In this case, C3a remains attached. Adapted from Reference 15.
Clinical Relevance
Historically, complement has been viewed as a liver-derived, fluid-phase system that is important for host defense, but recent work has shown that it is produced in extrahepatic sites and has multiple roles intracellularly affecting cell development, polarity, and metabolism. In this work, we show that airway epithelial cells synthesize and store large amounts of complement protein C3, which can be mobilized in the setting of proinflammatory cytokine exposure. Additionally, these stores can be augmented to mitigate death due to different stressors. This creates a precedence to modulate intracellular C3 in airway epithelial cells to assist with their function.
ORIGINAL RESEARCH from a solid organ system was believed to be destined for secretion (5, 6) . Further, AECs can "load" exogenous C3, which rescues cell death induced by factors such as H 2 O 2 and growth factor deprivation. These results reveal the importance of intracellular complement-in particular, C3-for host protection in the airway. Some of these results have been previously reported in abstract form (27, 28) .
Methods

Human Samples
The Washington University School of Medicine Institutional Review Board approved the human studies. All subjects provided consent to donate their lung tissues for research. Lung samples from patients with end-stage lung disease were obtained from tissues resected for transplant surgery. Control lung tissues were obtained through a biomaterial transfer agreement with the International Institute for the Advancement of Medicine. Blood was collected from healthy donors after they provided written informed consent.
AEC Culture
Primary human tracheobronchial epithelial cells (hTECs) were isolated from tracheae and proximal bronchi of lungs donated for transplantation (29) . BEAS-2B cells, an SV-40 transformed human hTEC line, were obtained from ATCC (CRL-9609) (8, 30) .
Complement Proteins
Purified human C3 was generated in-house (15) or purchased from Complement Technologies (A113), as were purified human C3b (A114), C3a (A118), and C3-dpl serum (A314). To prepare C3-methylamine (C3-MA), purified C3 was incubated with 0.4 M methylamine hydrochloride (Sigma Aldrich) and 0.1 M Tris (pH 8.0) for 1 hour at 37 8 C (15). C3-MA was denatured by heating at 85 8 C for 3 minutes.
Cell Treatments
Cytokine exposure experiments used BEAS-2B cells (at 70% confluence) and hTECs (at 100% confluence and a transepihtelial electrical resistance of . 180 milliohnms 3 cm 2 ). hTECs (at 100% confluence), and a transepithelial electrical resistance of .180 milliohms 3 cm 2 . Cells were incubated in media lacking FBS for 24 hours and then exposed to recombinant human TNF-a, IFN-g, or IL-1b (Peprotech), either alone or as a combination ("cytomix") applied to the apical and/or basal chamber of Transwells.
Hydrogen peroxide (H 2 O 2 ; SigmaAldrich) treatment was performed in confluent parent and C3-deficient BEAS-2B cells. Cells were incubated with 500-1000 mM H 2 O 2 for 60 minutes and then washed with PBS. The cells were then incubated in the presence or absence of an exogenous source of C3 for 3 hours. The cells were also treated with serum-starved media, Earle's basic salt solution (EBSS; no calcium, magnesium, or phenol red; Thermo Fisher Scientific), or 250 nM staurosporine (Sigma-Aldrich) for 4 hours in the presence or absence of an exogenous source of C3, as detailed above.
Details regarding the methods used for CRISPR-induced C3 deletion, immunoblot analysis, immunostaining, imaging, flow cytometry, siRNA treatment, RT-PCR, and mass spectrometry are provided in the data supplement.
Statistics
Statistical analysis was performed using Prism Software version 7 (GraphPad). Comparisons between two groups were performed using a two-tailed Student's t test (parametric). Comparisons between multiple groups were performed using a one-way ANOVA with Bonferroni's multiple comparison test (parametric) or Dunn's multiple comparison test (nonparametric). A P value , 0.05 was considered significant.
Results
AECs Contain Different Forms of Intracellular C3 Stores
To investigate intracellular C3 in AECs, we initially used the human bronchial epithelial cell line BEAS-2B and primaryculture hTECs. To determine whether C3 was constitutively present in AECs, we performed confocal microscopy in cells cultured and passaged in media free of human serum for 2-3 weeks (to preclude C3 uptake). Intracellular C3 was detected in both the BEAS-2B cells (Figure 2A , upper panel) and, to a greater extent, the hTECs ( Figure 2A, lower panel) . This suggested that the intracellular C3 was derived from biosynthesis. To assess whether C3 was present on the cell surface, we performed flow cytometry with and without permeabilization using both C3-sufficient and -deficient AECs. A majority of the C3 was intracellular-only a trace amount, if any, was present on the surface ( Figure 2B) . A control C3-deficient line of BEAS-2B cells lacked C3 (Figures 2C and E1A ). Constitutive C3 production was further established by demonstrating C3 mRNA in BEAS-2B cell extracts (Figures E1B-E1D ). C3 protein also decreased when protein synthesis was inhibited by using siRNA against C3, further indicating that this C3 was primarily a precursor form derived through biosynthesis ( Figure E1E in the data supplement).
C3 is cleaved by the C3 convertases or certain other proteases to release C3a and C3b ( Figure 1 ). C3a is attached to the single-chain precursor form (pro-C3) via its a-chain. To identify the nature of the C3 present in AECs, lysates were analyzed by immunoblot before and after DTT treatment. Before DTT treatment, a band was detected migrating at 200-250 kD, suggesting that the AECs contained full-length C3 ( Figure 2D , left). After DTT treatment, this protein partly degraded to the a-chain and b-chain ( Figure 2D , right). However, a fraction of this protein was resistant to cleavage by DTT. We interpret these results to indicate that AECs contain at least two forms of C3: a precursor form that is resistant to disulfide cleavage, and a mature form that can be reduced into its two chains.
To better determine the intracellular storage and potential functions of C3 in AECs, we performed subcellular fractionation and confocal microscopy. Subcellular fractionation showed that a majority of the precursor form localized to the membrane fraction (plasma, mitochondria, endoplasmic reticulum [ER] , and endosomal and Golgi membranes), whereas a minor component was present in the nonmembrane cytoplasmic fraction ( Figure 2E ). Consistent with these findings, intracellular C3 colocalized with calnexin, an ER protein, and a minor fraction colocalized with Rab7, a marker for late endosomes (Figures 2F and E4C-E4F). These results indicate that a majority of the C3 that is synthesized by AECs localizes to the ER, and a smaller amount is stored in late endosomes.
Intracellular C3 Stores Are Upregulated by Stress Signals and Proinflammatory Mediators
To evaluate whether cytokines associated with airway inflammation altered Figure E2A )-under nonreducing (NR) conditions using Western ORIGINAL RESEARCH intracellular C3 stores, we treated AECs with a combination of TNF-a, IL-1b and IFN-g (i.e., "cytomix") or each individually for 24 hours. C3 protein was upregulated and detectable by 4 hours ( Figure 3A ). Higher cytokine doses above 25 ng/ml did not increase the amount of C3 protein.
A similar response was observed in undifferentiated hTECs growing at an air-liquid interface cultured on Transwell membranes: each cytokine increased C3 individually, but the combination increased it the most ( Figures 3B and E2A ). Using confocal microscopy, we were able to identify that the increase in C3 protein was not accompanied by binding of C3 to the surface, suggesting that the increase was in intracellular stores ( Figure 3C ). Subcellular fractionation showed that a majority of the intracellular increase occurred in the cytoplasmic and membrane fractions ( Figure 3D ), consistent with de novo synthesis. This finding was supported by the observation that C3 colocalized with the ER (calnexin) and the late endosomes (Rab7) (Figures 3E and E3C-E3H). In the membrane fraction, cytomix upregulated both the C3 precursor protein and the form that reduced to the a-and b-chains ( Figure  E2B ).
C3 Is Secreted by AECs at Rest and Increases upon Cytokine Exposure
Effective innate immunity likely requires that C3 be secreted from the luminal surface of the airway epithelium to interact directly with pathogens that invade the airway (3, 4) . Thus, we asked whether the C3 that is upregulated after proinflammatory cytokine exposure is secreted, and if so, what are the structural forms, as they may have distinct functions. C3 was constitutively secreted into the AEC supernatant and was upregulated after cytomix exposure ( Figure 4A ). At 70% confluence, the baseline secretion of C3 in BEAS-2B cells was 16-18 ng/10 5 cells/24 hours in serum-free media. This increased to 26-28 ng/10 5 cells/24 hours upon exposure to 25 ng/ml cytomix ( Figure 4B ). No C3 was detected in the supernatant from C3-deficient BEAS-2B cells ( Figure E9A ).
We considered the possibility that a part of the intracellular C3 was being continually produced and secreted into the air space as a source of local, extracellular C3. To determine whether secretion was polarized, hTECs were cultured on supported Transwell membranes, treated with cytomix in the apical or basal compartments, and then analyzed for the site of secretion. Immunoblot analysis indicated that C3 secretion was apically polarized, and this polarity was maintained upon cytomix exposure ( Figure 4C ) without impairing the transepithelial resistance. These findings agree with our hypothesis that a higher C3 concentration is present on the apical surface, which could increase when necessary to assist in host defense.
C3 Is Taken Up by AECs as C3(H 2 O)
To further evaluate the source of intracellular C3 stores in AECs, we incubated BEAS-2B cells with C3-deficient and -sufficient 10% normal human serum (NHS). We had previously determined that certain cell types internalize C3 as C3(H 2 O), a form of C3 that has a -OH group attached to the thioester bond ( Figure 1 ). AECs rapidly took up C3(H 2 O) from the serum ( Figure 5A ) in a dose-dependent manner ( Figure E4A ). It reduced to the a-and b-chains upon DTT treatment, suggesting that this form is present intracellularly in AECs in addition to the precursor form derived from biosynthesis ( Figure 5B ). C3-MA is commonly used to mimic C3(H 2 O) in in vitro studies (methylamine is attached to the thioester bond instead of H 2 O). Both C3-MA and C3(H 2 O) reduce to the a-and b-chains when treated with DTT, unlike the precursor form. When exogenous C3 was provided to cells, in the form of either NHS or C3-MA, it predominantly localized to the cytoplasmic and membrane fractions, suggesting that it supplemented the endogenously produced C3 (Figures 5C, E4A, and E4B). This was confirmed when C3(H 2 O) was also internalized from NHS by BEAS-2B cells rendered C3 deficient by CRISPR ( Figure 5D ). No C3 was seen in the subcellular fractions of C3-deficient cells, and C3 increased in the cytoplasmic and membrane fractions after incubation with NHS containing C3(H 2 O). Additionally, C3 that was internalized by C3KO cells primarily localized to the early endosomes (Rab5) and not the late endosomes (Rab7), suggesting that biosynthesis and uptake contribute to distinct stores in AECs ( Figures E4C-E4F ).
C3(H 2 O) Taken Up by AECs Mitigates Certain Forms of Stress-associated Cell Death
Although AECs constitutively produce and secrete C3 for host defense (25, 26, 31) , it was unclear why they additionally took up C3(H 2 O). Based on observations that intracellular C3a maintains CD4
1 T-cell survival, we considered that C3 in AECs may have a function to enhance cell survival in the setting of lung inflammation. We used two model systems to induce AEC death: oxidant stress (32) and growth factor deprivation (starvation) (33, 34) . We found that C3(H 2 O) internalized by BEAS-2B cells rescued them from H 2 O 2 -induced cell death, as indicated by Annexin V-propidium iodide staining ( Figures  6A-6C) . We tested the role of exogenous C3 in rescuing cell death, using multiple sources of C3(H 2 O) compared with serum depleted of C3. After cell death was induced with a high-oxidant dose (500 mM H 2 O 2 for 60 min), a 3-hour rescue with purified C3, C3-MA, or NHS (containing C3[H 2 O]) reduced the number of dead cells, whereas C3-depleted serum failed to do so. This effect was also seen in C3KO cells, Figure E2A ). Shown is the mean 6 SEM of two independent experiments. All three cytokines increased C3 significantly over nonstimulated (NS) cells (*P , 0.05, ***P , 0.0001 by t test), but the highest increase occurred with the cytomix (**P , 0.01). (C) Confocal-microscopic images showing an increase in intracellular C3 (red) in
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although the differences were smaller and not statistically significant ( Figures E9B  and E9C ). C3 also reduced cell death due to growth factor deprivation (starvation). After BEAS-2B cells were incubated with EBSS for 4 hours, 68.6% 6 3.8% of the cells were alive (Figures 6D-6F) . When EBSS was supplemented with C3 (15 mg/ml) for the same duration, the proportion of alive cells increased to 83.5% 6 1.2% (P = 0.019). This difference was also seen when EBSS was supplemented with 10% C3-depleted serum (79.5% 6 0.2% alive cells) versus 10% NHS (which contains z100-150 mg of C3 [98.2% alive cells, P , 0.0001]). Together, these observations suggest that C3 may mitigate cell death in conditions of cell stress initiated by several factors.
These results led us to hypothesize that AECs internalize C3 in the setting of an acute injury to increase intracellular C3 stores, until C3 reaches a critical threshold to protect the cell. To increase endogenously synthesized C3 stores, BEAS-2B cells were treated with proinflammatory cytokines (cytomix) for 24 hours before oxidative stress was induced. Cytomix treatment reduced H 2 O 2 -induced cell death, even after the H 2 O 2 dose was doubled ( Figures  E5A-E5C) . However, this effect was not specific to increasing endogenous C3, because the cytoprotective effect of the cytomix also occurred in CRISPR-induced C3KO cells (Figures E5D-E5F ). Our results suggest that the cytoprotective effect of C3 is specific to stores that are derived from uptake, and is facilitated by other proteins (likely including but not restricted to C3) that increase in response to proinflammatory stimuli.
To further elucidate the potential mechanisms for this observation, we explored how C3 modulates various cell death pathways in the setting of stress. We first evaluated whether C3 directly quenches H 2 O 2 , and observed that this did not occur at the doses of C3 and H 2 O 2 used in our study ( Figure E8 ). We also considered that C3 plays a role in modulating cell death driven by apoptosis and/or secondary necrosis, as cells taking up C3(H 2 O) exhibited fewer Annexin V-propidium iodide double-positive cells ( Figures  6A-6C) . To test this, we examined whether C3 rescued cell death induced by staurosporine, a potent inducer of apoptosis. C3 uptake failed to rescue staurosporine-induced apoptosis at various time points (Figures E6 and E7) . We obtained similar results by examining the protein profiles of apoptotic protein markers and comparing staurosporineinduced cell death with H 2 O 2 -induced oxidative stress. Using PARP and caspase 3 cleavage as markers of apoptosis, we noted that C3 uptake failed to reduce cleavage of these proteins in staurosporine-treated cells ( Figures E7A-E7C) . Notably, although C3 effectively mitigated H 2 O 2 -induced cell death, it did not significantly affect PARP or caspase 3 cleavage in this condition ( Figures E7B and E7C) , We also examined the cleavage of the pyroptosis marker GSDMD-1 to evaluate whether the effect of C3 on mitigating H 2 O 2 -induced cell death was achieved through this form of programmed cell death; it was not ( Figure  E7A ) (35) . These results suggest that C3 mitigates cell death in some conditions by affecting pathways that are independent of programmed cell death mechanisms such as apoptosis and pyroptosis.
Increased Expression of Intracellular C3 Is Found in End-Stage Lung Diseases
To evaluate C3 involvement in lung disease, we immunostained airways in human lung tissues that were removed during lung transplantation. We first chose to examine lungs from individuals with cystic fibrosis (CF), because they have a history of ongoing infections and acute-on-chronic exacerbations associated with cellular stress. We compared these samples with lung tissues from individuals with chronic obstructive pulmonary disease (COPD) or idiopathic pulmonary fibrosis (IPF). In nondiseased lungs, intracellular C3 was present primarily at low levels in AECs ( Figure 7A ). Under the same imaging parameters, intracellular C3 was present at comparatively higher levels in AECs of lungs from individuals with end-stage CF ( Figure 7B ), IPF ( Figure 7C ), or COPD ( Figure 7D ). In all disease processes (n = 3 each; Figure E10 ), C3 was patchy and predominantly localized in luminal cells. Increased submucosal deposition was also identified in samples from individuals with these diseases. Intracellular C3 appeared to be most abundant in individuals with CF. However, we could not exclude the possibility that secreted C3 was being deposited along the apical cell surface.
In all samples examined, intracellular C3 stores were primarily located in club cells, identified with SCGB1A1 ( Figures  E11C and E11D) , and in goblet cells, identified with MUC5AC immunostaining (Figures E11E and E11F) . Localization of C3 in club and goblet cells was most common in regions where cells containing C3 stores were most abundant, as observed in tissues from individuals with CF ( Figures E11D and  E11F ). This suggests that in end-stage lung diseases, especially those associated with ongoing infection and high levels of cellular stress in the airways, intracellular C3 stores may be elevated for host defense but may affect the local environment in the setting of ongoing injury.
Discussion
Complement proteins are produced by a number of immune and nonimmune cells (7) (8) (9) (10) . The role of the complement system has expanded beyond host defense to include metabolic reprogramming, maturation, migration, and regeneration (1, 2, 20, 36) . Many of these functions are governed by an intracellular system (recently termed the "complosome") (20) . Complement proteins have also been implicated in several lung diseases, but their source has not been systematically investigated (37) (38) (39) . Primary AECs synthesize and secrete C3 (25, 40) , but whether they contain intracellular stores was unknown. Although other investigators and we have recently shown that many cell types contain intracellular C3 (13, (15) (16) (17) , most of these cells do not contain substantial C3 stores. A majority of the C3 that is synthesized is secreted, and the only cells that were previously known to synthesize and store large amounts of C3 were monocytes (11) and neutrophils (12) . Here, we demonstrate that human AECs contain intracellular C3 stores, which are predominantly derived by biosynthesis, and augmented by either stimulation or internalization of C3 (i.e., C3[H 2 O]). Additionally, we show that internalized C3 protects AECs from stress-induced death (32, 41) .
We observed that C3 was increased in the intracellular compartment of AECs in the lungs of subjects with end-stage lung disease due to CF, COPD, or IPF. This is consistent with data from investigators who have found C3 upregulation in the transcriptome and secretome of patients with CF (26, 39, 42) . Our findings also align with studies that found upregulated C3 transcripts in lungs from patients with IPF compared with normal lungs (43) (44) (45) , and increased complement activation in patients with COPD (38, 46) . There was also an increase in the C3 staining intensity in the submucosal region in these individuals. This likely represents the deposition of cleaved C3 proteins (such as C3d) originating from infiltrating inflammatory cells, with the cleaved proteins presumably being generated by proteases in the inflammatory environment (9, 38) . In vitro, a combination of immunoblotting, flow cytometry, and immunofluorescence led us to conclude that AECs contain intracellular C3 stores derived from both biosynthesis and uptake. Thus, a key finding of this work is the demonstration of C3 stores in human AECs and how C3 is protective against environmental stress. This creates a precedent for studying expanded roles of complement proteins at other environmental surfaces that concurrently need to maintain microbicidal activities, such as the cornea and the genitourinary tract.
We demonstrate that the majority of the C3 in AECs is stored intracellularly, with only trace amounts on the surface, regardless of proinflammatory cytokine exposure. This is in contrast to CD4 1 T cells, wherein upon activation, C3 redistributed toward the cell surface, engaging with its receptor, C3aR, and polarizing naive CD4
1 T cells toward a T-helper cell type 1 phenotype (13) . In addition to the precursor form that has been detected in cells such as hepatocytes and is destined for secretion (5, 6) , AECs store the mature form that reduces to the a-and b-chains, and has not been reported in nonimmune cells. The majority of these stores that are synthesized by AECs are detected in the ER and the late endosomes. This is in contrast to C3(H 2 O), which is internalized by cells and primarily localizes to the early endosomes (15) . Hence, our data indicate that there are at least two sources of intracellular C3 stores in AECs: 1) biosynthesis, stored in the ER and late endosomes, and 2) uptake, stored in the early endosomes.
These contribute to C3 stores in distinct subcellular compartments.
Multiple other investigators have found that exposing BEAS-2B and A549 cells to proinflammatory cytokines increases the synthesis of C3, which then gets secreted (30, 31, 47) . What distinguishes our observations is that we show that such stimulation concurrently increases intracellular C3 stores, which creates a precedent for evaluating the roles of both the stored and secreted forms. This increase primarily occurred through biosynthesis. Although we found that stimulating cells did not affect uptake (unpublished data), it increased C3 secretion in the supernatants, and the secretion was predominantly polarized apically. This is in line with -7) , after which the cells were washed with PBS and lysed. Equivalent amounts of cell lysates (Bradford assay) were used. The blot shows that C3 is absent in the CRISPR-induced C3KO clones. Positive control: C3, 50 ng (lane 1). The numbers represent lysates prepared from cells growing in three different wells for each condition. See Figure 2C for C3KO1. (B) hTEC lysates (L) incubated with either 10% C3-depleted (C3 dp) serum or 10% NHS for 15 minutes were analyzed for C3 under both NR and R conditions using WB. C3, 50 ng (lane 1) and 100 ng (lane 6), C3b, 100 ng (lane 7). C3b has an a9-chain that runs at a lower Mr (106k) than the C3a-chain (115k). The figure is from a single blot in which lanes relevant to the experiment have been selected. Lanes 4-7 represent a longer exposure (20 min) of the same blot, as those were done under R conditions. The antibody binds the a9 fragment of C3b better than the a-chain of C3. (C) C3 analysis of subcellular fractions (prepared in a manner similar to that described in Figure 2E ). hTECs were incubated with either serum-free media alone (2) or media 1 10% NHS (1) (A-C) BEAS-2B cells were grown to confluence in a 12-well plate and treated with either serum-free media or H 2 O 2 (500 mM) for 60 minutes, washed, and incubated with 10% C3 dp serum, 10% NHS, C3 dp serum 1 C3 (15 mg/ml), or C3 dp serum 1 C3-methylamine (C3-MA, 15 mg/ml) for 3 hours. The proportion of live cells (Q4) and dead cells (Q2 1 Q3) was determined using annexin (x-axis) and propidium iodide (PI, y-axis) staining by flow cytometry. (A and B) Graphs represent the mean 6 SEM of three to five replicates
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proteomic data from individuals with CF, which showed that C3 was significantly increased in apical secretions from air-liquid interface epithelial cell cultures (26) .
Together with these observations, we propose that the human airway epithelium provides a locally available source of C3 at the luminal surface that can be recruited in the setting of an infection for host defense, before the arrival of other components of the immune system. This is also consistent with data from Sass and colleagues showing that incubating the sputum of patients with CF with P. aeruginosa or Staphylococcus aureus increased C5a generation, which is downstream of C3 activation (48) . Although we did not evaluate C5 or C5a in this study, we were intrigued by their follow-up study, which showed that sputum C5a levels were a marker of increased inflammation and overall disease severity, whereas C3a levels were associated with lower levels of inflammatory markers and fewer acute exacerbations (42) . This suggests that low levels of constitutive C3 generation and activation may be protective to cells, whereas long-term activation, such as with chronic infections, results in activation of the complement cascade, promoting ongoing epithelial injury and lung damage.
While we were dissecting the nature of the intracellular C3 stores, we identified that CD4
1 T cells also internalize C3 rapidly from the blood in the form of C3(H 2 O), which has a hydroxyl group (derived from H 2 O) attached at the site of the thioester bond, and still has C3a attached to it (Figure 1) (15) . In CD4 1 T cells, the uptake of C3(H 2 O) serves as a source of intracellular C3a and plays a critical role in cell maturation and survival, and proinflammatory cytokine production (13, 15) . However, most cells are not believed to contain substantial C3 stores unless they are exposed to an exogenous source (15) . Because this was in contrast to our observation that AECs store C3 without exposure to an exogenous source, we asked whether AECs also take up C3. Consistent with our previous findings, we found that AECs took up C3 rapidly in the form of C3(H 2 O), and this contributed to the native (reducible) form. However, we wanted to determine why AECs would internalize C3 despite having biosynthetically derived stores. Exogenously provided C3 reduced H 2 O 2 -induced death compared with when only C3-depleted serum was provided, suggesting that C3 uptake was cytoprotective in the setting of oxidant-induced damage. This effect was also observed during growth factor deprivation using EBSS. We also observed that increasing intracellular stores generated after cytokine exposure could mitigate stress-induced death. Hence, we speculate that at early time points, C3 internalized by cells reduces death; however, a proinflammatory environment increases other endogenous proteins that are cytoprotective. Internalized C3 also mitigated cell death in certain C3KO cell clones, albeit to a lesser degree. Hence, we are currently investigating whether the internalized C3 eventually Representative confocal-microscopic images of formalin-fixed paraffin-embedded sections of lung tissue from control subjects without disease (A) and patients with end-stage cystic fibrosis (CF, B), idiopathic pulmonary fibrosis (IPF, C), or chronic obstructive pulmonary disease (COPD, D) that were stained for C3 (green). Control samples were obtained from donors without CF, IPF, or COPD using lung explants that were otherwise not usable for transplantation and excess lung tissue that was resected for downsizing. Representative images of three different individuals for each disease ( Figure  E5 ). Original magnification, 3400; scale bars: 50 mM for each figure. Images from the three sections are comparable because they were obtained in identical conditions (at the same time and the same exposure, and including an isotype control). Arrows denote the epithelium in the magnified inset, and the asterisk denotes the subepithelial/submucosal space. DAPI (blue) intensity was globally adjusted for all images. contributes to a common pool of C3 derived from biosynthesis over longer time points or continues to remain distinct, and whether the protective effect of internalized C3 (as C3[H 2 O]) is dependent on the ability of cells to produce C3 endogenously.
The cytoprotective nature of C3 has been recognized in certain other organ systems, especially the pancreas. Dos Santos and colleagues recently reported that apoptosis increased after knockdown of C3 using siRNA in pancreatic islet b cells at baseline and after treatment with IL-1b plus IFN-g (19) . This cytokine-induced b-cell apoptosis was mitigated in both rat and human cells treated with C3 (0.5-1 mg/ml) before the induction of apoptosis. Interestingly, we did not see a similar rescue effect when we induced apoptosis using staurosporine, a broad-spectrum protein kinase inhibitor. This suggests that C3(H 2 O) might modulate certain components upstream of programmed cell death pathways (e.g., directly by affecting intracellular reactive oxygen species or indirectly by upregulating cellular antioxidant mechanisms), or that the effect of C3 on mitigating cell death is specific to the stimuli. Further studies need to be conducted to evaluate whether C3 affects redox changes in viable cells, which might underlie its protective effect. However, the protective effect of C3 was not restricted to H 2 O 2 and extended to growth factor deprivation-induced death. This suggests that there may be common pathways between multiple stressors that can be altered by C3.
To assess whether C3 modulated programmed cell death in the setting of oxidative stress, we examined the two caspase-dependent pathways, apoptosis and pyroptosis. Although this was an initial analysis of these pathways, we found that C3 was less likely to rescue cell death by mitigating these pathways in the setting of oxidative stress. Given the short time course of the H 2 O 2 treatment, we did not anticipate necroptosis (a caspaseindependent programmed cell death pathway) to be activated. Preliminary experiments suggest that phospho-MLKL, the protein marker of necroptosis, was not turned on in any of the conditions we used in this study (data not shown). Studies to identify the specific mechanisms by which C3 mitigates cell death in the setting of specific inducers of cell death have been initiated.
Our studies also indicate that an exogenous source of C3 was required after incubation with H 2 O 2 . This may reflect differences in how cells process C3(H 2 O). For example, our laboratory has previously shown that nearly 40% of C3(H 2 O) that was internalized by Farage cells (human B lymphocyte line) was lost within 5 hours after the exogenous source was removed (15) . In Jurkat (human T lymphocyte line) and ARPE-19 (human retinal pigment epithelial cell line) cells, this loss occurred even more quickly, with over 70% being lost in 2 hours. Our findings thus suggest that the C3(H 2 O) recycling pathway is likely cell-type specific.
AECs are crucial for host defense and produce multiple cytokines that maintain epithelial integrity as well as protect the airspace (49) . However, they can be damaged by noxious stimuli such as oxidant stress and ozone, and cytokines such as TNF-a (50). Hence, one can speculate that if the levels of certain proteins are locally augmented, this could reduce damage to the epithelium and eventually allow it to survive an acute injury. Such effects have been identified for proteins such as a-Klotho (which was shown to protect against oxidative stress in a rat model of hyperoxia-induced lung injury by increasing the endogenous antioxidative capacity of pulmonary epithelial cells) (51) , and vascular endothelial growth factor (which was found to be a critical paracrine factor, secreted by intratracheally administered mesenchymal stem cells, in mitigating hyperoxiainduced lung injury in rats) (52) . We speculate that AECs need to have a certain threshold of intracellular C3 that protects them. This can be derived either by augmenting biosynthesis or through uptake. Regardless of how this increase occurs, intracellular C3 is cleaved to C3a. In CD4
1 T cells, C3 is constitutively cleaved by cathepsin-L to C3a, which binds to its receptor, C3aR, and activates mTORC1 and the mTOR pathway, promoting cell survival (13) . We are actively investigating whether it is the identical pathway or a different one by which C3 mitigates stress-associated AEC death.
The translation of certain aspects of our in vitro studies has limitations. First, we used relatively large doses of H 2 O 2 as a model system to induce AEC death. Although such doses have been used by other investigators to evaluate the cytoprotective effects of proteins (e.g., Kruppel-like factor) (53) (54) (55) , this model's biological relevance in terms of oxidative stress occurring in vivo is limited, as the respiratory burst induced by neutrophil influx is a highly localized event that is dissimilar to the experimental conditions provided by globally high H 2 O 2 levels. Thus, this in vitro model may not be as relevant to the development of end-stage lung disease. Second, we focused on short time points (3-4 h) to minimize the effect of protein synthesis by the cells, thus emphasizing uptake. C3 may modulate epithelial cell responses to stress differently over a longer time period. Moreover, in end-stage lung disease, C3 derived from endothelial cells, stromal cells, and/or immune cells may be playing additional roles.
Using a combination of primary cells and CRISPR-induced, C3-deficient BEAS-2B cell lines, we demonstrate how intracellular C3 in AECs is derived, stored, and processed, and provide an example of how it is protective in the setting of acute stress. We have previously proposed that throughout evolution, the intracellular complement system has expanded from protecting a single cell to being secreted and protecting the cell membrane and interstitium, and subsequently the intravascular space (1) . We now hypothesize that AEC-derived C3 is inherently protective both intracellularly and at the luminal surface to handle ongoing injury and infection ( Figure  E12 ). For example, C3 is activated by P. aeruginosa (56) and is important in protecting against infection (57) . However, it may be inadequate in the setting of a large inflammatory response to protect the cell from stress-induced damage (58, 59 ). In such a scenario, we speculate that cells internalize locally available C3 from plasma or cells (e.g., neutrophils) that die and release C3 ( Figure E12) . A body of literature suggests that the generation of C3(H 2 O) from C3 may be greatly accelerated when C3 interacts with different biological surfaces (60, 61) . Hence, this could form a system in which cells could internalize C3(H 2 O) in the setting of an injury to protect themselves until other endogenously derived cytoprotective proteins are sufficiently upregulated. However, the synthesis and deposition of C3 in the setting of persistent inflammation could also promote fibrosis and irreversible tissue injury (62, 63) . Using models of lung injury, our future directions involve dissecting the mechanisms by which C3 differentially modulates acute and chronic epithelial injury, with the hope of therapeutically targeting the cascade to mitigate endstage lung disease. n Author disclosures are available with the text of this article at www.atsjournals.org.
